Granular sludge was successfully cultivated under intermittent anaerobic and aerobic reaction phase strategy using synthetic textile wastewater for 72 days. The granules were developed under superficial air velocity of 2.4 cm/s in the SBR system that operated at hydraulic retention time of 8 hours. The unique feature of the granules is that they were cultivated using anaerobic granules as seeding material. The microscopic examination showed clear, smooth and spherical shape of mature granules with diameters ranging from 0.85 to 1 mm after 60 days of operation. The particle size distribution has shifted from less than 0.3 mm in the beginning to about 1 mm with some reaching 2.5 mm. The granules had good settling properties indicated by their high settling velocity reaching up to about 42 m/h and low sludge volume index (SVI) of 61 mL/g. The MLSS has also increased from 4.8 g/L to 7 g/L while the granular strength has also increased with time. During the development process, the granular sludge system was capable of treating synthetic textile dyeing wastewater containing mixed dyes with 93% of COD and ammonia removal and 56% of color removal.
INTRODUCTION
Granular sludge is a microbial aggregate that consist of high concentration selfimmobilized microorganisms. The system, which could be either in the form of anaerobic or aerobic granules, offers several advantages over conventional activated sludge flocs. This includes strong and compact microbial organization with excellent settling properties (Liu and Tay, 2004) . With such characteristics, the granular sludge system is able to retain high concentration of biomass within the reactor and able to withstand higher organic loadings (Chen et al., 2008) . The granular sludge system can be considered as an extension of biofilm growth system (Linlin et al., 2005) .
Studies on the anaerobic granular sludge system have been well documented for the past twenty years (Liu and Tay, 2004) . However, due to the long start-up period for the formation of the anaerobic granules, more attention has been devoted to the application of aerobic granules. Different types of bacteria such as acidifying bacteria (Lens et al., 2003) , autotroph nitrifying bacteria (Shi et al., 2010) , denitrifying bacteria and aerobic heterotrophs (Eiroa et al., 2004) have been used in cultivating the microbial granular sludge. Aerobic granule technology has been applied for treating different types of contaminants such as nitrogen, chloroaniline, high strength phenol and phosphorus (Qin and Liu, 2006; Zhu et al., 2007; Ho et al., 2010; Wu et al., 2010) .
Complete degradation of dyestuff in textile wastewater requires both anaerobic and aerobic treatment (van der Zee and Villaverde, 2005) . Degradation under anaerobic process causes the cleavage of the N = N bond that resulted with removal of color of the wastewater. At this stage, stable biotransformation byproduct, namely amines will be produced (Goncalves et al., 2005; Franciscon et al., 2009) . Since amines are considered as toxic compounds and could not be degraded under anaerobic condition, further aerobic degradation is required to transform amines to simpler compounds (Ong et al., 2008) .
While many studies have reported the applications of anaerobic granules in treating textile wastewater (Baêta et al., 2011; Rongrong et al., 2011; Ong et al., 2012) , the use of aerobic granules under intermittent anaerobic and aerobic treatment phases for the same purpose appears to be lacking. Furthermore, when a conventional sequential anaerobic and aerobic treatment process was employed, two reactors were normally used to fulfill the different oxygen requirements of the process (Moosvi and Madamwar, 2007; Isik and Sponza, 2008; Elbanna et al., 2010) . This adds up to the cost of the reactor set-up and requires bigger working area. The application of granular sludge in a single reactor column with intermittent anaerobic and aerobic reaction phase provides a more economical approach for treating textile wastewater.
Our initial study on the development of biogranules and its application in treating textile wastewater under sequential anaerobic and aerobic phases has been reported in Muda et al. (2010) . This paper reports the results of further study conducted under different operating conditions (i.e. hydraulic retention time, superficial air velocity, size and working volume of the reactor, and organic loading rate). The characteristics of the biogranules throughout the development period are presented along with the performance of the system in treating the textile wastewater.
MATERIALS AND METHODS

Wastewater composition
The composition of synthetic wastewater and trace elements were prepared according to Muda et al. (2010) , Beun et al. (1999) and Smolder et al. (1995) , respectively. The synthetic textile feed comprised of 0.75 g/L glucose, 0.75 g/L sodium acetate, 0.125 g/L ethanol (Muda et al., 2010) (Beun et al., 1999) . The compositions of trace element were 0.15 g/L H 3 BO 3 , 1. Smolder et al., 1995) . The dyes used in this study were Sumifix Black EXA, Sumifix Navy Blue EXF (Sumika Chemtex, Japan) and Synozol Red K-4B (Kisco Kapilion, Korea) in equal mass proportion. The total dye concentration in the synthetic wastewater was 50 mg/L. The mixture gave an initial COD, color and ammonia concentrations of 1,240 mg/L, 1,020 ADMI (America Dye Manufacturing Index) and 29 mg/L, respectively. The initial pH of the synthetic wastewater was adjusted to 7.0 ± 0.5.
Reactor set-up
The design of the reactor system was based on Wang et al. (2004) and Zheng et al. (2005) with several modifications. A reactor column was designed with internal diameter of 5 cm and total height of 100 cm. The reactor is designed to work with 1.5 L of total working volume in batch mode. The system is operated with volumetric exchange rate (VER) of 50%. Aerobic condition in the reaction stage is achieved via aeration through a fine air bubble diffuser located at the bottom of the column. Anaerobic condition was achieved naturally without the use of N 2 purging.
Analytical methods
The observation of the morphological and structural features of the granules was carried out using scanning electronic microscope (FESEM-Zeiss Supra 35 VPFESEM, USA) and stereo microscope equipped with digital image management and image analysis Paxcam, USA (Version 6). The granules were left dried at room temperature prior to gold sputter coating (Bio Rad Polaron Division SEM Coating System, USA) for 45 s at 20 mM coating current. Physical parameters such as settling velocity, sludge volume index (SVI), mixed liquor suspended solid (MLSS), mixed liquor volatile suspended solid (MLVSS) and chemical parameters including COD, color and NH 3 were analyzed according to Standard Methods (APHA, 1995) . Determination of the granules' strength was based on Ghangrekar et al. (2005) . The granular size distributions were measured throughout the experiment using sieves analysis. The volume of each different granular size was expressed as a fraction of total volume of granule.
Experimental procedures
Sludge from a sewage treatment plant and sludge from a textile wastewater treatment plant were used for the granules development. The sludge was sieved with a mesh of 1.0 mm to remove debris and inert impurities prior to use. Equal volume of sludge from both sources were mixed and the sludge mixture was acclimatized with dye degrader microbes (Ibrahim et al., 2009 ) for 2 months. Additionally, anaerobic granules (MLSS of 3.3 g/L and size less than 1 mm) were obtained from an upflow anaerobic sludge blanket (UASB) reactor system treating paper mill industrial effluent and used as seed.
The experiment started with the addition of 750 mL of the acclimatized mixed sludge, 750 mL of synthetic textile wastewater and 150 mL of anaerobic granules into the reactor column giving total sludge concentration of 4.78 g/L and substrate loading rate of 2.48 kg COD/(m 3 ·d). The reactor was operated in successive cycles of 8 hours, comprised of 5 min fill, 460 min reaction, 5 min settle, 5 min decant and 5 min idle. The reaction mode consists of 230 min of anaerobic and 230 min of aerobic phases. The DO concentration during the anaerobic phase was less than 1 mg/L and reached saturation concentration during the aerobic phase. The superficial air velocity during the aerobic phase was 2.4 cm/s. The pH during the reaction process was in the range of 6.0 to 7.5 and the experiment was carried out at room temperature of about 28°C. The experiment was carried out for a period of 72 days. Within this period, no excess sludge was removed from the reactor. Samples of 20 mL were taken twice a day from the influent and effluent tanks and were analyzed for COD, ammonia and color removal.
RESULTS
Granule Development
The microscopic view of the granules development from seed sludge to the formation of matured granule is illustrated in Fig. 1. Figure 1a shows that the seed sludge was irregular in shape and dominated by filamentous microorganisms. Fig. 1b shows the sludge particles during the start-up period. During this stage, several factors such as hydrodynamic forces, diffusion of substrates, gravitational and thermodynamic forces and cell mobility may influence the initial aggregation of the particles . Within 2 weeks, the small particles manage to form floc-like sludge aggregates as shown in Fig. 1c . These flocs were very soft and easily fragmented when exposed to high shear force imposed during the aeration phase. At this stage, smaller and lighter fractions were observed to be washed out during the decanting phase and removed from the reactor. The remaining sludge flocs became the precursors for the granule formation. These phenomena were also observed by Beun et al. (1999) . They hypothesized the fragmentation to be caused by diffusion limitation of oxygen into the granules inner part. As shown in Fig. 1d , more bacteria cells grew on the precursor and after 35 days of development, irregular and soft granules started to appear in the reactor. At this stage, the average diameter of the granules was 0.45 mm. After 45 days, the granules increased to an average size of 0.9 mm (Fig. 1e) and after 60 days, the irregular granules have turned into smoother and rounder (Fig. 1f) . The average size of the granules has grown to 1.5 mm after 68 days of development and at this stage, granules with size up to 2.5 mm were also detected in the reactor (Fig. 1g) .
During the initial stage, the anaerobic granules that were used as seed in the granulation process have changed in color from black to grey before disintegrating into smaller fragments as they were exposed to aeration. Some of the small fragments were removed along with the effluent but bigger fragments remained in the reactor and served as the precursors for the formation of the microbial granule. Fig. 1g shows the granule that was formed from the patches of anaerobic granule.
The detailed microstructure of the granules was observed using scanning electron microscopy and is shown in Fig. 2 . Figures 2a and 2b show that the surface structure of the aerobic granules consist of rods and cocoids shaped arrangement that are made-up of thousands of bacteria clumped together in the presence of EPS. Weber et al. (2007) reported that the production of extracellular polysaccharides (EPS) mediates both the cohesion and adhesion within the immobilized cells community resulted in strong, dense and compact granular structure. Figure 2c shows the presence of cocoids bacteria spread over the surface of the granule while Fig. 2d demonstrates the inner structure of the clumps. The inner structure also consists of cavities between the bunch of bacteria, which act as passages that allow the movement of nutrient and waste products into and out of the granules.
Characteristics of the Microbial Granule
The characteristics of the initial mixed sludge and the granules developed in the reactor after 60 days of operation were determined and compared (Table 1 ). The initial mixed sludge used in this study had diameters ranging from 0.01 to 0.05 mm. After 60 days of development, the average diameter of the granules had increased to about 0.9 mm.
The average settling velocity of the initial mixed sludge was about 10 m/h. The matured granules had a settling velocity in the range of 38.5 to 61.4 m/h with an average of about 42 m/h, showing a significant improvement of the settling property. The average settling velocity of the granules in this study is four times higher as compared to the activated sludge flocs reported by Tay et al. (2002) , i.e. less than 10 m/h. Additionally, the granule settling velocity from this work is almost two times higher than the settling velocity of the aerobic granules reported by Jang et al. (2003) . The higher settling velocity of the granules developed in this study may be due to the use of anaerobic granules as seeding in the granulation process. However, further detailed studies are needed to verify this assumption.
The SVI of the initial mixed sludge used in this study was 218 mL/g, which agrees with the values reported by Tchobanoglous et al. (2004) for activated sludge flocs. The high SVI value is mainly caused by the presence of filamentous microorganisms as shown in Fig. 1a . Since fluffy filamentous microorganisms in the seed sludge have very low settling velocity, they were flushed out due to the short settling time (i.e. 5 min) applied in the settling phase. After almost 35 days, the SVI value decreased to 62 mL/g indicating good settling property of the biomass along with the formation of the granules as observed in Fig. 1 . Figure 3 shows the change in settling velocity and SVI of the biomass throughout the experiment. Figure 4 shows the changes of the granular strength (expressed as integrity coefficient, IC) of the granules throughout their development stage. Lower value of IC indicates higher granular strength of the granules. As shown in the figure, the granular strength increases with time, along with the development of the granules. High superficial air velocity (2.4 cm/s) applied in this study is anticipated to facilitate the aggregation of the microorganisms within the reactor system and resulted with higher granular strength (Chen et al., 2007) .
Particle Size Distribution
The particle size distribution in the reactor as a function of time was monitored and is presented in Fig. 5 . The size distributions of the granules are compared from day 1, 14, 35 and 68 days of the operational period.
The particle size distribution was measured based on the volume percentage of the sieved granule. As shown in Fig. 5 , the particle size increases gradually during the development period, which indicates gradual process of microbial granular sludge formation. On the first day, the average size for most of the biomass was less than 0.3 J o u r n a l o f W a t e r a n d E n v i r o n m e n t T e c h n o l o g y , V o l . 1 0 , N o . 3 , 2 0 1 2 -310 -mm. After 14 days, the particle size distribution shifted to sizes of more than 0.3 mm. On the 35 th day, the percentage of particles with size less than 0.3 mm decreased while bigger size particles were observed. On the last day of the experiment, the particles of less than 0.3 mm were completely disappeared while majority of the particles were in the range 0.85 -1 mm with more than 20% of them greater than 1 mm. At this stage, the size of some particles reached 2.5 mm. Figure 6 illustrates the change of biomass concentration (MLSS) in the reactor throughout the experiment. High sludge washout reducing the biomass concentration from 4.78 g/L to 3.14 g/L during the initial stage was due the short settling time set in the experiment. However, with time, the biomass concentration in the reactor gradually increased and reached almost 7 g/L of MLSS. The MLVSS also shows a similar pattern to MLSS but at a lower concentration. The increase in MLSS and MLVSS shows a good accumulation of biomass in the reactor. This is expected to be due to the increase in settling velocity of the granules as they were developed. This resulted with more biomass being able to settle, hence, retained in the reactor.
Biomass Profile
The initial ratio of MLVSS to MLSS of the initial mixed sludge was 69% and increased to 84% at the end of the experiment. The high MLVSS/MLSS ratio indicates the high concentration of microorganisms within the reactor system. Figure 7 illustrates the removal profile of COD, ammonia and color during the granules development process. Figures 7a and 7b show almost the same pattern of COD and ammonia removal. At the initial stage, the removal efficiency of COD, and ammonia were 76% and 60%, respectively. The removal percentage increased with time and reached a maximum of 93% for both COD and ammonia after 72 days. With higher biomass concentration in the reactor, more degradation activities took place in the reactor and thus, improve the performance of the system. Figure 7c shows the profile of color removal throughout the development of the granules. During the initial stage, the removal percentage for color was 36% and increased to 55% at the end of the experiment. Throughout the development period, the removal of color was much lower as compared to COD and ammonia. The low percentage of color removal obtained in this study may indicate that the 8 hours HRT is not enough to provide higher removal. As the reaction phase was divided into anaerobic and aerobic phases, the actual HRT required for color removal to occur (i.e. anaerobic phase) was only about 4 hours, which may be too short for the dye degradation to occur. Longer HRT, especially on the anaerobic phase is normally required for better color removal (Isik and Sponza, 2008) . Furthermore, it was also anticipated that the exposure of amines, the byproduct of dye degradation, to oxygen during aerobic reaction phase, could cause the wastewater to be colored again and hence, causing reduction in the total color removal efficiency. 
Removal Efficiency
